Introduction
Non-adrenergic non-cholinergic vasodilator nerves innervate the resistance arteries and play a role in the regulation of vascular tone (1, 2) . Previous studies have demonstrated that vascular function (5) . The dorsal root ganglia (DRG) is a prominent site of CGRP synthesis and contains the cell bodies of primary afferent neurons that extend CGRP-containing (CGRPergic) nerves to peripheral sites such as the blood vessels and the central spinal cord (6) . We have reported that CGRPergic nerves suppress vasoconstriction in response to sympathetic adrenergic nerve stimulation via CGRP release, and conversely, adrenergic nerves inhibit the release of CGRP from the nerve to decrease CGRPergic nerve function (3, 4) . Thus, we have proposed that CGRPergic vasodilator nerves along with sympathetic vasoconstrictor nerves regulate the tone of the mesenteric resistance artery.
Impairment of the control systems regulating peripheral resistance has been considered to play a role in chronic hypertension, and increased total peripheral vascular resistance has been shown to contribute to the maintenance of elevated blood pressure (7) (8) (9) (10) . Studies with spontaneously hypertensive rats (SHR) have shown that the enhanced activity of sympathetic vasoconstrictor nerves contributes to the increased tone of peripheral resistance arteries (9) (10) (11) . Previous studies have demonstrated that both the vasodilation mediated by CGRPergic nerves and the release of CGRP from the nerves in the mesenteric artery of SHR are smaller than those in normotensive Wistar Kyoto rats (WKY), and that these differences decrease with age (12) . In recent studies, we have shown that the levels of CGRP mRNA in DRG of 15-week-old SHR were lower than those in WKY, and this phenomenon was also age-related (13) . Therefore, we proposed that malfunction of CGRPergic vasodilator nerves regulating peripheral vascular resistance plays an important role in the development and maintenance of hypertension in SHR (12) (13) (14) . However, the mechanisms underlying the reduced function of CGRPergic vasodilator nerves in SHR remain unresolved. In previous pharmacological studies, we showed that angiotensin II inhibits neurotransmission of CGRPergic nerves in SHR (15) , and that chronic treatment of SHR with angiotensin converting enzyme (ACE) inhibitors-but not treatment with a calcium antagonist, β-adrenoceptor antagonist, or other antihypertensive drugs-prevents the decrease in vasodilator responses mediated by CGRPergic nerves (16, 17) .
The present study was, therefore, undertaken to investigate the effect of long-term treatment of SHR with an ACE inhibitor (temocapril) and selective angiotensin II type-1 re-
pyridine (L-158,809) (18) and olmesartan (19) , on the levels of CGRP mRNA in DRG and the tissue contents of CGRP.
Methods

Animals
Male SHR and WKY at 8 weeks of age (purchased from Shimizu Experimental Animal, Shizuoka, Japan) were used for this study. The animals were given food and water ad libitum. They were housed in the Animal Research Center of Okayama University at a controlled ambient temperature of 22 ºC with 50 10% relative humidity and with a 12-h light/12-h dark cycle (lights on at 8:00 AM). This study was performed in accordance with the Guide for Animal Experimentation of the Faculty of Pharmaceutical Science, Okayama University.
Long-Term Treatment with Antihypertensive Drugs
Male SHR at 8 weeks of age received 0.005% temocapril (5 mg/kg/day), 0.001% L-158,809 (1 mg/kg/day), 0.01% olmesartan (10 mg/kg/day) or 0.01% hydralazine (10 mg/kg /day) in their drinking water and normal rat chow. Each SHR received the respective treatment for a period of 7 weeks. Control SHR and WKY received normal rat chow and drinking water supplement with 0.1% NaHCO3 solution, which was used as vehicle for temocapril, L-158,809, olmesartan and hydralazine.
Systemic Blood Pressure Measurement
The systolic blood pressure of each animal was measured weekly by tail-cuff plethysmography (model TK-370C; UNICOM, Tokyo, Japan) throughout the treatment period.
Measurement of CGRP mRNA Levels
At 15 weeks of age, all animals were deeply anesthetized with a large dose of pentobarbital-Na (50 mg/kg i.p.) and killed by decapitation. The thoracic and lumber DRG, kidney and thyroid gland from each rat were immediately dissected, frozen in liquid nitrogen, and stored at 80 ºC until subsequent analysis of CGRP mRNA.
Each tissue was homogenized in 4 mol/l guanidine thiocyanate, 0.5% sodium-N-lauril sarcosine, 25 mmol/l sodium citrate, and 0.1 mol/l 2-mercaptoethanol, and total cellular RNA was extracted with phenol/chloroform (20) . The RNA was then precipitated once in the same volume of isopropyl alcohol and once in 2.5 volumes of ethanol. Thereafter, the precipitated RNA was washed in 75% ethanol and dissolved in water. The amount of RNA was quantified by absorbance at 260 nm in a spectrophotometer. The RNA samples were denatured by heating at 65 for 15 min, and the denatured RNA was electrophoresed in 1% agarose gel at 90 V for 3 h. The RNA was then capillary transferred onto a nylon membrane (Gene Screen Plus; NEN Life Science Products, Inc., Boston, USA) with 10 standard saline citrate (SSC) (1 SSC: 0.15 mol/l sodium chloride, 15 mmol/l sodium citrate, pH 7.0) for 4 h. The RNA on the nylon membrane was fixed using UV irradiation. The CGRP cDNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA were labeled with [α-32 P]dCTP ( 3,000 Ci/mmol; NEN Life Science Products) using Megaprime DNA labeling systems (Amersham Int. Plc., Buckinghamshire, UK). After the nylon mem-brane was prehybridized with Rapid-Hyb buffer (Amersham Int. Plc.) for 15 min at 65 ºC, the 32 p-labeled probe denatured by heating at 95 ºC for 5 min was added to the buffer. The nylon membrane was then hybridized for 2 h at 65 ºC. After this procedure, the blotted nylon membrane was washed twice at 65 ºC in a solution containing 2 SSPE (0.3 mol/l NaCl, 17.3 mmol/l NaH2PO4, 2.5 mmol/l EDTA, pH 7.4), and 0.1% sodium dodecyl sulfate (SDS) for 10 min, twice in a solution containing 1 SSPE and 0.1% SDS for 20 min, and then once in a solution containing 0.1 SSPE and 0.1% SDS at 65 ºC for 20 min. Autoradiography was performed at room temperature using FUJI Imaging Plates (FUJI Photo Film Co., Tokyo, Japan). The radioactivity of each band was quantified by means of computerized densitometiric scanning (BAS 2000; Fuji Photo Film Co.). All results were expressed relative to the amount of GAPDH mRNA, which served as a control for the quality and quantify of RNA applied to the blot.
Measurement of Tissue CGRP Contents
The atrium and mesenteric artery isolated from control SHR, WKY and drug-treated SHR at 15 weeks of age were homogenized and centrifuged at 7,500 rpm. The supernatant was applied to a Bond-Elut C18 cartridge (Varian, Harbor city, USA), and the absorbed peptide was eluted with 60% acetonitrile in 1% trifluoroacetic acid. The elute was evaporated under a vacuum and the levels of CGRP-like immunoreactivities (CGRP-LI) were determined using a commercially available enzyme-linked immunosorbent assay (ELISA) for CGRP kit (Peninsula Laboratories Inc., San Carlos, USA).
Statistical Analysis
Values are presented as the means SEM. One-way analysis of variance followed by Tukey's test was used to determine the significance between values of different drugs. Unpaired Student's t-test was used to determine the significance of differences between two means. Values of p 0.05 were considered to indicate statistical significance.
Drugs
The following drugs were used: hydralazine hydrochloride (Sigma Chemical Co., St. Louis, USA), L-158,809 (Merck & Co., Inc., Rahway, USA), olmesartan medoxomil (Sankyo Co, Tokyo, Japan), temocapril (Sankyo Co.). Olmesartan, L-158,809, temocapril and hydralazine were dissolved in drinking water containing 0.1% NaHCO3 at final concentrations of 0.01%, 0.001%, 0.005% and 0.01%, respectively.
Results
Changes in Systolic Blood Pressure during LongTerm Treatment with Antihypertensive Drugs
As shown in Fig. 1 , long-term treatment with olmesartan, L- 158,809, temocapril and hydralazine significantly lowered systolic blood pressure in SHR, compared with that in control SHR. Significant differences were found between nontreated SHR and antihypertensive drug-treated SHR. Significant differences were also found between control SHR and WKY.
Changes in CGRP mRNA Levels Figure 2A shows a representative Northern blot analysis of CGRP mRNA. High levels of CGRP mRNA were apparent in the DRG of both WKY and SHR. A small amount of CGRP mRNA was observed in the thyroid gland, but little or no CGRP mRNA was found in the atrium and kidney (data not shown). When the level of CGRP mRNA in SHR was compared with that of WKY as the ratio of CGRP mRNA to GAPDH mRNA, a significant decrease was found in SHR, as shown in Fig. 2B . As shown in Fig. 2A and B, long-term treatment with L-158,809, olmesartan or temocapril caused a significant increase in the levels of CGRP mRNA in DRG of SHR. However, hydralazine treatment had no effect on the CGRP mRNA levels.
Fig. 2. Effect of long-term treatment with antihypertensive drugs on calcitonin gene-related peptide (CGRP) mRNA expression in the dorsal root ganglia (DRG) of spontaneously hypertensive rats (SHR). A: Representative image of Northern blot assays of CGRP mRNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. B: The ratio of CGRP mRNA/GAPDH mRNA determined by densitometric analysis of Northern blot assays in the DRG of control SHR, drug-treated SHR and WKY. Lanes 1 to 6 show WKY, control SHR, temocapril, L-158,809, olmesartan and hydralazine, respectively. C-SHR, control SHR; Tem, temocapril; L, L-158,809; Olm, olmesartan; Hyd, hydralazine; WKY, normotensive Wistar Kyoto rats. Each bar indicates the mean SEM of 6 experiments and fold-increase over the control SHR. p 0.05, p 0.01, compared with control SHR.
Fig. 3. Effect of long-term treatment with various antihypertensive drugs on levels of calcitonin gene-related peptide-like immunoreactivities (CGRP-LI) in mesenteric arteries (A) and atria (B) of spontaneously hypertensive rats (SHR). C-SHR
Changes in Tissue CGRP Contents
As shown in Fig. 3 , in both control SHR and WKY, the level of CGRP-LI in the mesenteric artery (Fig. 3A) was about 10-fold greater than those in the atrium (Fig. 3B) . Both the mesenteric artery and the atrium in control SHR at 15 weeks of age had greater levels of CGRP-LI than those in age-matched WKY. A significant difference between SHR and WKY in CGRP-LI level was found in both tissues (Fig.  3) .
Long-term treatment with L-158,809, olmesartan or temocapril caused significantly greater increases in the contents of CGRP-LI in the mesenteric artery than control SHR (Fig.  3A) . Small but significant increases in the CGRP-LI level were found in the atrium treated with temocapril, L-158,809 and olmesartan (Fig. 3B) . However, hydralazine treatment was without effect on CGRP-LI level in either tissue.
Discussion
The present findings demonstrated that the amount of CGRP mRNA in DRG of SHR at 15 weeks of age was smaller than that in age-matched WKY, and long-term treatment with an ACE inhibitor and AT1R antagonist restored the reduced levels of CGRP mRNA in SHR to levels similar to those in WKY. We showed in a previous study that the decrease in the CGRP mRNA level of SHR was age-related, but that in WKY it did not change (21) . The amount of CGRP mRNA in the DRG of SHR at 12 weeks of age has also been reported to be decreased when compared with age-matched WKY (22) . In addition, the content of CGRP in the dorsal horn of the spinal cord has been reported to be lower in SHR at 12-14 weeks of age than in age-matched WKY (23) . In in vivo studies, we previously reported that electrical stimulation of the lower thoracic spinal cord (Th9-12) in the pithed rat produces a frequency-dependent depressor response, which is abolished by the neurotoxin, tetrodotoxin, or by the CGRP receptor antagonist, CGRP(8-37), indicating that the response is mediated by endogenous CGRP released from the CGRPergic nerves (24) . In a recent study, the depressor response to spinal cord stimulation in pithed SHR at 15 weeks of age was significantly smaller than that in agematched WKY (13) . Thus, it is very likely that the outflow of CGRPergic vasodilator nerves from the spinal cord to peripheral blood vessels via the dorsal roots decreases in SHR.
In in vitro studies, we previously reported that CGRPergic nerve-mediated vasodilation in response to periarterial nerve stimulation of the mesenteric artery in SHR was smaller than that in WKY, and the decrease in the response was age-related (12) . In addition, the neurogenic release of CGRP-LI in the mesenteric artery of SHR at 15 weeks of age has been shown to be smaller than that in age-matched WKY (12, 13) . The present study demonstrated that the content of CGRP-LI in the mesenteric artery of SHR was greater than that in WKY. This finding suggests that the increase in CGRP-LI level in SHR is due to the reduced release of CGRP from CGRPergic nerve terminals, even though the levels of CGRP mRNA in SHR decreased. Since CGRPergic nerves have been shown to inhibit the function of adrenergic nerves (3), the decreased function of CGRPergic nerves in SHR enhances the sympathetic adrenergic vasoconstriction. A recent study demonstrated that α-CGRP/calcitonin gene knockout mice displayed an elevated mean blood pressure compared with wild-type mice, indicating that α-CGRP is involved in the long-term regulation of resting blood pressure (25) . Therefore, a reduction in the potent vasodilator CGRP may contribute to the increase in vascular resistance and blood pressure in SHR.
In the present study, the amount of CGRP mRNA in DRG of SHR was significantly increased by long-term treatment with AT1R antagonists (L-158,809, olmesartan) or ACE inhibitor (temocapril), whereas the vasodilator (hydralazine) treatment did not show such an effect. This finding suggests that lowered blood pressure is not responsible for the increased levels of CGRP mRNA. In in vitro studies, we have previously shown that the reduced vasodilation mediated by CGRPergic nerves in SHR mesenteric arteries is restored by long-term treatment with an ACE inhibitor, such as captopril or temocapril (16, 17) . However, there was no such effect after treatment with either hydralazine, β-adrenoceptor antagonists (propranolol and pindolol), or calcium antagonists (nicardipine, amlodipine and pranidipine), despite the reduction in mean blood pressure by these agents (16, 17) . Direct application of ACE inhibitors to the mesenteric artery of non-treated SHR had no effect on the CGRPergic nervemeditated vasodilation (17) , indicating that long-term application is responsible for the improvement of CGRPergic function. In addition, an in vivo study demonstrated that long-term treatment of SHR with the ACE inhibitor, captopril, lowered the blood pressure and restored the reduced depressor response induced by spinal cord stimulation (13) . We previously reported that angiotensin II as well as angiotensin I and renin substrate (N-acetyltetradecapeptide) inhibited the neurotransmission of CGRPergic nerves in SHR but not WKY (15) . Thus, it is very likely that long-term inhibition of the renin-angiotensin system by the ACE inhibitor improves the decreased CGRPergic nerve function in SHR. Therefore, it is suggested that circulatory angiotensin II as well as the converted one in the vasculature is responsible for the decreased function of CGRPergic nerves in SHR. In the DRG, stimulation of AT1R has been shown to inhibit synthesis of CGRP (26) . Deng et al. (27) reported the increased level of angiotensin II in the heart of 15 week-old SHR than agematched WKY, suggesting that the angiotensin II level may increase in DRG of SHR. Therefore, it is more likely that increased circulatory or tissue production of angiotensin II is responsible for the reduced function of CGRPergic nerves in SHR.
The present study showed that the contents of CGRP in the mesenteric artery and atrium of SHR were further increased by long-term treatment with AT1R antagonists and ACE inhibitor but not with hydralazine. It was found that the increase in CGRP contents was much greater in the mesenteric artery than the atrium. This finding suggests that CGRPergic nerves play a major role in the control of the mesenteric arterial tone. In a previous study, long-term treatment with ACE inhibitor was shown to facilitate both the neurogenic release of CGRP and CGRPergic nerve-mediated vasodilation in the mesenteric artery of SHR (17) . Since angiotensin II presynaptically attenuated the neurotransmission of CGRPergic nerves in SHR (15) , the inhibition of angiotensin II action may facilitate the neurotransmission. In addition, the increase in CGRP contents of the mesenteric artery and synthesis of CGRP in DRG after treatment with AT1R antagonist and ACE inhibitor further facilitate the neurotransmission of CGRPergic nerves in SHR. Since CGRP is the most potent vasodilator known (1, 28) , it is possible that the increased release of CGRP from the nerve may induce the decrease in the vascular resistance and lead to a reduction in blood pressure.
In conclusion, the present study suggests that AT1R antagonist and ACE inhibitor have the ability to improve the reduced expression of CGRP mRNA, which may facilitate neurotransmission of CGRPergic nerves in SHR. It is likely that the improved effect of CGRP function by AT1R antagonist and ACE inhibitor contributes in part to the hypotensive effect of these drugs.
